The importance of caspases in apoptosis necessitates that these potentially dangerous enzymes are highly regulated by both cellular and viral inhibitors. The 
ment, which, on one hand, strengthens the linker interaction for the caspase and, on the other hand, senses Previous biochemical dissection of XIAP showed that a region containing its second BIR (linker-BIR2, residues the release of Smac by direct physical interaction. The weaker affinity of BIR2 for caspases facilitates Smac 124-240) is a minimal functional unit for the inhibition of effector caspases such as caspase-3 and -7 (Takabinding to BIR2, which makes BIR2 a convenient peeling point for destabilizing the XIAP/caspase interaction. hashi et al., 1999). However, it is not clear how this inhibition is achieved. To understand the molecular baThis function of the BIR2 domain in XIAP may be general for other BIR domains in IAP proteins and further sugsis of XIAP function, we obtained the crystal structure of the complex between this region of human XIAP and gests that the BIR domains may not represent signatures for caspase inhibition, but rather serve as struchuman caspase-7. The structure surprisingly revealed that the linker is the only contacting element for the tural architectures for the evolution of diverse biological functions. caspase, while the BIR2 domain is completely invisible belief that the conserved BIR domains play dominant Table 1 ). The structure surpristo rms distances of 0.35 Å and 0.20 Å , respectively. Residue D148 of XIAP appears to be a major anchoringly revealed that the linker contains the only contacting element for the caspase, while the BIR2 domain ing point for the interaction. Among the five well-defined intermolecular hydrogen bonds in the complex, three is completely invisible in the crystal from either of the two independent XIAP/caspase-7 interactions. However, an are made by D148 ( Figure 2C and Table 2 ), while the remaining two are made by main chain atoms of the SDS-PAGE analysis of re-dissolved crystals confirmed the integrity of the linker-BIR2 protein in these crystals linker peptide. The side chain carboxylate of D148 makes hydrogen bonds to the N⑀1 atom of residue W240 (data not shown).
In the complex, the linker peptide exhibits an ␣ ϩ ␤ and the main chain amide nitrogen of Q276 of caspase-7, respectively. The main chain amide nitrogen of this resiconformation and binds to the substrate groove on the surface of caspase-7, in a manner unlike "canonical" due is also within hydrogen bonding distance to the carbonyl oxygen of R233 of caspase-7. Even though substrate interaction in a Michaelis-Menton complex. This is in contrast to a previous suggestion that a se-D148 situates near the S4 site, its interaction with the caspase is quite different from the recognition of a P4 quence within the linker region (148-DISD-151) binds as a pseudo-substrate into the active site of their target Asp by the caspase. In a complex between caspase-7 and a substrate-based inhibitor bearing the P4-DEVDcaspases (Sun et al., 1999) . In fact, the main chain of the linker peptide deviates from and runs almost antiparallel P1 sequence, the P4 Asp makes three hydrogen bonds exclusively to Q276 (Wei et al., 2000) . One side chain with the course taken by substrate-based peptide inhibitors ( Figures 1C and 1D) . The side chains of the linker carboxyl atom of the P4 Asp makes two hydrogen bonds with the main chain and side chain amide atoms of peptide that are crucial for caspase interaction do not interact with the well-characterized S4-S1 pockets, but Q276, while the main chain amide nitrogen of the residue interacts with the main chain carbonyl atom of Q276. simply spatially overlap with the substrate residues. Therefore, XIAP does not directly block the active center Unlike the highly ionic nature of substrate/caspase interactions, the remaining interactions by the linker as a pseudo-substrate, but indirectly causes competitive inhibition by overlapping with substrate binding.
peptide are mostly hydrophobic ( Figure 2A and Table  2 ). Side chains on one side of the helix including residues The invisibility of the BIR2 domain in the crystal suggests that the linker is the major energetic determinant of A137, L141, and V146 interact tightly with a hydrophobic patch formed by T189, Y230, W232, and F282 of casthe XIAP/caspase interaction, in contrast to the previous pase-7 at the base of the surface groove. The other side formed by the side chain of D148 suggest that this residue has to be strictly conserved. For example, a D148N of the helix, including the main chain of R142, residue mutation may disrupt one of the hydrogen bonds as the T143, and G144, contacts the top wall of the groove at side chain amide atom is not a good hydrogen bond residues G83, M84, and H144 of caspase-7. The reacceptor and a D148E mutation may not be accommomaining of the peptide, including residues V147, D148, dated due to its larger size as the D148 residue is com-I149, and S150, contacts the other end of the surface pletely buried in the complex. groove formed by caspase-7 residues R233, W240, Regions in caspase-7 that contact the linker XIAP Q276, and S277. peptide are largely from the L1 loop, the L3 loop, the Based on the surface area burial and specific hydro-C-terminal tail of the large subunit, the L4 loop, the gen bonds, residues L141, V146, V147, D148, and I149 beginning of helix ␣4, and the L5 loop ( Figure 3B and form the key structural determinant for the interaction. Table 2 ). Some of these regions, such as the L1 and Among these residues, L141, V146, and D148 are almost the L5 loop, are highly variable structurally. Based on completely buried in the complex with less than 10% surface area burial and specific hydrogen bonds, we surface area exposure ( Figure 3A and Table 2 ). This suggest that residues T189, Y230, R233, W240, Q276, analysis of the structural determinant of binding is conand F282 are key determinants for XIAP binding. Among sistent with previous alanine mutagenesis results on these residues, Y230 and F282 contribute most signifi-L141, V147, D148, and I149 (Sun et al., 1999) . We predict cantly to the large patch of hydrophobic surface at the that V146A mutation should also exhibit a strong effect bottom of the surface groove. The side chain of Y230 on caspase binding. The specific hydrogen bonds also contributes a specific hydrogen bond to the XIAP peptide. R233, W240, and Q276 form the hydrogen Among the different caspases, structure-based setion with caspase-7. We generated a series of GST constructs that contain the linker-BIR2, the linker alone, quence comparison is possible for the four representaand the BIR2 domain alone, and used these GST fusion tive caspases (caspase-1, 3, 7, and 8), for which crystal proteins for the pulldown of caspase-7 ( Figure 4A . Inclusive of all the contact residues for XIAP pase-7 after extensive washing, while the BIR2 domain in caspase-7, the corresponding residues in caspase-3 alone retained only a residual amount of caspase-7, are highly conserved ( Figure 3B ). In contrast, corresuggesting that the BIR2 domain alone possesses much sponding residues in caspase-1 and caspase-8 are less lower affinity to caspase-7 than the linker. In addition, conserved. In particular, residue Q276, whose main compared to the linker alone, the linker-BIR2 appears chain amide nitrogen makes a direct hydrogen bond to to have retained caspase-7 more stoichiometrically, the carboxylate of the XIAP anchoring residue D148, is suggesting modest but significant energetic contribuabsent in these caspases, as the L5 loop is much shorter tion from the BIR2 domain in the linker-BIR2 protein. than that in caspase-3 and caspase-7. Therefore, the To quantitatively determine the differential affinities linker of XIAP can only interact with the effector casof these regions of XIAP with caspase-7, we captured pases. As the linker is the major structural determinant the same GST fusion proteins onto the sensor chips by of caspase recognition (see below), this explains the anti-GST antibodies for measurement by surface plasstructural basis of XIAP specificity. mon resonance (SPR). As the molar quantities of the The linker residues in XIAP can be superimposed with GST fusion proteins on the chips are equal due to the the corresponding linkers of c-IAP1 and c-IAP2 prospecific capturing procedure, their interaction strengths ceeding their BIR2 domains ( Figure 3A) , as also sugto caspase-7 can be directly obtained and compared. gested earlier (Sun et al., 1999) . In particular, the anchorThese measurements showed that the linker-BIR2 proing D148 residue of XIAP is absolutely conserved in this tein exhibits a dissociation constant of 0.5 nM with cassuperposition. Residues L141, T143, and V146, which pase-7, and that the linker alone is 70-fold weaker, with are completely buried at the interface and important a dissociation constant of 35 nM (Table 3) The same comparative binding experiments using such a complex would have been in steric clash with a neighboring molecule in the crystal lattice for both SPR between GST fusion XIAP fragments and caspase-7 were also performed for the interaction between XIAP independent XIAP/caspase interactions, which would shove the BIR2 domain into the neighboring solvent and Smac ( Figure 4B and Table 3 
